Conditions that lengthen the time during which L-methionine-DL-sulfoximine (MSX) promotes excretion of ammonia produced by photosynthetic nitrate reduction in Anacystis nidulans have been sought. If MSX was added every 24 h, maximal rates of ammonia production were maintained for 3 days. After this time, ammonia production ceased due to a specific deficiency of glutamine in the cells, which finally led to cell lysis. The effective ammonia production period could be further extended either by adding a low amount of glutamine at the end of the 3-day period or by allowing the cells to recover for 8 h in the absence of MSX after every 48-h period in the presence of inhibitor. In this way, a steady production of ammonia lasting for at least 10 days was achieved. The MSX-treated cyanobacterial cells thus represent a system relatively stable with time for the conversion of light energy into chemical energy through the photoreduction of nitrate to ammonia.
Conditions that lengthen the time during which L-methionine-DL-sulfoximine (MSX) promotes excretion of ammonia produced by photosynthetic nitrate reduction in Anacystis nidulans have been sought. If MSX was added every 24 h, maximal rates of ammonia production were maintained for 3 days. After this time, ammonia production ceased due to a specific deficiency of glutamine in the cells, which finally led to cell lysis. The effective ammonia production period could be further extended either by adding a low amount of glutamine at the end of the 3-day period or by allowing the cells to recover for 8 h in the absence of MSX after every 48-h period in the presence of inhibitor. In this way, a steady production of ammonia lasting for at least 10 days was achieved. The MSX-treated cyanobacterial cells thus represent a system relatively stable with time for the conversion of light energy into chemical energy through the photoreduction of nitrate to ammonia.
The photoreduction of nitrate to ammonia by photosynthetic organisms represents a remarkable process for the conversion of solar energy into chemical energy (4, 7, 8) . Efficient photoproduction of ammonia from nitrate by cells of the cyanobacterium Anacystis nidulans has been achieved in our laboratory after specifically inhibiting glutamine synthetase, the first enzyme involved in the main ammonia assimilation pathway in this organism, with the glutamate analog L-methionine-DL-sulfoximine (MSX) (3, 11) .
To be considered valuable for practical purposes, a system for the conversion of sunlight energy must operate at considerable rate and efficiency and must be relatively stable in time. The system constituted by MSX-treated Anacystis cells has been shown to produce ammonia at high rates (11) with relatively high efficiency (12) , but until now the process has been only carried out during a limited period of time.
This communication reports the achievement of a steady photoproduction of ammonia from nitrate by MSX-treated A. nidulans cell suspensions, lasting for a period of at least 10 days. Assays of enzyme activities. Nitrate reductase and glutamine synthetase (transferase) activities were measured in toluenized cells as previously described (11) . Nitrite reductase and NADH-alanine dehydrogenase were determined in cell-free extracts. Nitrite reductase activity was estimated according to Manzano et al. (10) . NADH-alanine dehydrogenase was estimated as described by Rowell and Stewart (13) .
MATERIALS AND METHODS

Growth
Extraction of cellular metabolites. Perchloric acid was added to a sample of the cell suspension to give a concentration of 0.6 N. After 10 min at 0°C, the samples were centrifuged at 40,000 x g for 15 min. The supematant was neutralized at 0°C with KOH. After removal of the KC104 precipitate by centrifugation (10,000 x g for 10 min), the supematants were lyophilized. The lyophilized material was suspended to a small volume with water and used for the estimation of metabolites (3) .
Analytical methods. Nitrate, nitrite, ammonia, -yglutamyl hydroxamate, glutamate, and glutamine were estimated as described previously (11) . Carbohydrates were estimated by the phenol-sulfuric method (6) , total nitrogen by the Kjehldal procedure, packed cell volume by centrifugation of the cell suspensions in calibrated hematocrit tubes, and cellular protein by a modification of the Lowry procedure (2) Fig. 1 shows, after this time, glutamine synthetase activity recovered, and the accumulation of ammonia in the medium ceased, followed by its utilization by the cells, which started to grow. Once glutamine synthetase became active, the antagonistic effects of ammonia (3, 5, 11) came into play; nitrate utilization was inhibited (data not shown), and the nitrate reductase level decreased rapidly (Fig. 1) . Since, under standard culture conditions and in the absence of cells, MSX does not lose its activity for at least 48 h, the cessation of its effect on ammonia production can be related to the transformation of the inhibitor by the algal cells rather than to its spontaneous degradation. It seems, therefore, that the temporary ceasing of ammonia photoproduction is due to the recovery of glutamine synthetase activity rather than to the induction of any other ammonia assimilation pathway. Thus, to lengthen the period of ammonia production, fresh MSX at its optimal concentration with respect to the density of the cell suspension (1 nmol/,lg of Chl) (12) was added to the Anacystis cell suspension in which the effect of the original MSX had been lost. This addition resulted again in inactivation of the preexisting glutamine synthetase, allowing new maximal rates of ammonia production (data not shown). Following this approach, successive additions of 10 ,uM MSX to the cell suspension every 24 h allowed maximal rates of ammonia production to be sustained for 3 days. During this period, cellular glutamine synthetase remained fully inactive, the nitrate reductase activity level being high, and about 90%o of the nitrate taken up appearing in the medium as ammonia (Fig. 2) . At this stage, the addition of MSX no longer resulted in maintenance of the process of ammonia production, and cell lysis of the suspension was observed shortly afterwards.
To determine the cellular situation leading to the cessation of ammonia production by Anacystis, the levels of various cell components, enzymatic activities related to nitrate metabolism, and amino acids involved in the glutamine synthetase-glutamate synthase pathway were studied in Anacystis cells which had been treated with MSX for 68 h and were compared with those in normal cells. The MSX prevented the incorporation of ammonia into carbon skeletons and subsequent cell growth (11) .
It is interesting that the phycocyanin levels typical of normal cells were maintained in MSXtreated Anacystis cells when the medium contained nitrate but not when it was free of nitro- found for Anabaena cylindrica (14) and Anabaena sp. strain ATCC 33047 (unpublished data).
Although MSX-treated Anacystis cells lacked glutamine synthetase, they exhibited low but reproducible levels of NADH-alanine dehydrogenase (around 7 (Fig. 3) . This amino acid analysis indicates that Anacystis cells subjected to treatment with MSX become specifically deficient in glutamine and probably also in glutamine derivatives. Such a metabolic situation might eventually lead to the cessation of ammonia production.
To overcome the MSX-promoted glutamine deficiency and thus prolong the ammonia production period, two different attempts were made. One of them consisted of the addition to the cell suspension of glutamine at low concentrations (0.2 to 0.5 mM) simultaneously with the normal readdition of MSX at the end of the 3-day period. The data in Fig. 4 show that this glutamine treatment resulted in sustained ammonia production at constant rate for at least 24 h, a phenomenon that did not occur in a control without glutamine addition, in which the rate of ammonia production slowed with time until it became negligible. Interestingly enough, the glutamine treatment did not result in cell growth (measured as Chl) or in any increase in glutamine synthetase activity, but the levels of nitrate and nitrite reductases doubled. No increment in the ammonia production rate was observed, however, suggesting that the normal nitrate and nitrite reductase levels are high enough to maintain the process at its maximal rate. Glutamate could not replace glutamine in sustaining ammonia production, a result which confirms the assumption that the cessation of the process is specifically related to glutamine deficiency. nidulans cells. A cell suspension with a density of 9 p.g of Chl per ml was maintained for 48 h in nitrate culture medium supplemented with 10 puM MSX. After this time, cells were harvested and washed three times with fresh nitrate medium lacking MSX. After 8 h in the absence of the inhibitor, and once the cell loading had been corrected to 9.0 + 0.2 p.g of Chl per ml, MSX (10 puM final concentration) was readded. Successive periods of ammonia production (around 48 h) and cell recovery (around 8 h) (arrows) were alternated as indicated. The last readdition of MSX was to reach a final concentration of 100 puM.
The second approach to extend the ammonia production period consisted of allowing the cells to recover from glutamine deficiency by themselves. This goal was achieved by alternating exposure to MSX with periods in which the glutamine synthetase inactivator was removed. Figure 5 shows that this sequential treatment allowed continuous production of ammonia at high rates for at least 10 days. The long period in the presence of MSX (around 48 h) resulted in net ammonia production, whereas the shorter period in its absence (around 8 h) did not. During the recovery periods, glutamine synthetase activity increased from 0 to 150 to 300 mU/mg of protein (10 to 2b% of the level in normal cells), which allowed glutamine synthesis and a slight growth (from 9.0 to about 10.6 ,ug of Chl per ml in 8 h). Surprisingly, after day 8 of ammonia production, resistance to MSX appeared. This phenomenon was probably due to an adaptation of the cells to MSX, making it necessary to increase the MSX concentration up to 100 ,uM to again achieve complete inactivation of cellular glutamine synthetase. 
